High-angle annular dark-field scanning transmission electron microscopy (HAADF STEM) has been performed along the low-index zone axes of the o-Al 4 (Cr,Fe) complex metallic alloy to obtain a real-space representation of the crystal structure and to elucidate the material's inherent structural disorder. By comparing experiments with multislice STEM simulations, the model previously suggested by X-ray diffraction is further refined to provide a new set of positions and occupancies for the transition metal atoms. Pmnb is suggested as the new space group for the o-Al 4 (Cr,Fe) phase. A nonperiodic layer-type modulation, averaged out in bulk diffraction methods, is detected, corroborating the need for complementing bulk diffraction analysis with real-space imaging to derive the true crystal structure of Al 4 (Cr,Fe).
Introduction
Complex metallic alloys (CMAs) form stable intermetallic phases characterized by large unit cells, containing hundreds of atoms and often found as crystalline approximants of quasicrystals (Dubois, 2005; Dubois et al., 2011) . The characterization of these intermetallics is generally demanding owing to their complex crystal structure as well as to some inherent degree of disorder caused by the presence of split occupancies and vacancies within the cluster-like arrangement (Steurer & Deloudi, 2009; Dshemuchadse et al., 2011) . The o-Al 4 (Cr,Fe) CMA phase exhibits excellent corrosion resistance at very low pH (1-2) and has therefore a potentially wider application range than other commercial Al alloys (Beni et al., 2011; Dubois et al., 2011; Ott et al., 2014; Ura-Binczyk et al., 2011) . The enhanced corrosion resistance of this phase is ascribed to the passivating effect given by Cr. The reactivity of this intermetallic has been the subject of a detailed study under ultra high vacuum (UHV) as well as in ambient conditions, and the material has been found to exhibit an ordered oxide growth during the first stage of oxidation in UHV and an anisotropic behavior of the oxidation and of the corrosion properties relative to the three low-index [100] , [010] and [001] surface terminations (Parle et al., 2013; Smerdon et al., 2009) . Nevertheless, the absence of an accurate bulk structural model with all the split occupancies resolved is hindering the development of a representation for the surface structure and a detailed mechanism of its oxidation/corrosion.
The structure of the o-Al 4 (Cr,Fe) phase with composition Al 80.6 Cr 10.7 Fe 8.7 (at.%) was characterized by X-ray diffraction (XRD) by Deng et al. (2004) . In the model proposed by Deng et al. (2004) (hereafter called the 'D' model), the crystal was reported to belong to the Immm space group with unit-cell parameters a = 12.5, b = 12.5, c = 30.5 Å and 306 atoms per unit cell, with a large number of split or partially occupied sites. A more recent study by Bauer and co-workers on o-Al 4 (Cr,Fe) with composition Al 79.1 Cr 17.8 Fe 3.1 (at.%) led to an improved model (hereafter called the 'B1' model) combining XRD and neutron diffraction results Bauer, 2010) . The neutron study allowed the resolution of certain Cr and Fe sites that are not distinguishable by XRD. Some noticeable differences between the B1 and the D model were observed, mainly in the occupancy of the transition metal (TM) positions and in the presence of an additional atomic position in the asymmetric unit introduced in the B1 model, i.e. Fe24, according to the denomination used by Bauer (2010) . Although the B1 model was initially given the same symmetry and unit cell as predicted by the D model, a recent analysis of previously ignored supposed superlattice reflections unveiled the presence of a doubling of the unit cell along the b direction, resulting in a reduced crystal symmetry described by the Pmm2 space group (hereafter the B2 model). From the analysis of the diffuse phenomena occurring along c*, the new structure was assumed to be composed of large lamellar '(a, b, c)' and '(a, 2b, c)' domains occurring with irregular lateral distribution. However, detailed information about these lamellar domains and their domain walls is still missing.
With this work, we aim to determine the occupancy of the transition metal positions for the o-Al 4 (Cr,Fe) phase and to characterize the domains and domain wall distribution via real-space crystallography, by studying the local, i.e. not averaged, crystal structure using high-angle annular dark-field scanning transmission electron microscopy (HAADF STEM) (Abe, 2011) .
HAADF STEM has been successfully applied in the past as an atomic number sensitive (Z-contrast) imaging technique to provide direct atomic information about the projected crystal structure and the local atomic organization of quasicrystalline phases (Abe et al., 2003 (Abe et al., , 2004 Yan et al., 1998) . In this paper, we demonstrate the ability of HAADF STEM to characterize the local cluster configuration and to elucidate the inherent disorder of the orthorhombic Al 4 (Cr,Fe) CMA phase by inspection of the crystal structure along the three orthogonal The combination of the 'B1' Al positions (Immm) with the newly determined TM substructure yields the space group Pmnb for this phase. The validity of this space group for the o-Al 4 (Cr,Fe) complex metallic alloy is corroborated by the extinctions observed in the XRD pattern.
Experimental

Sample preparation
An o-Al 4 (Cr,Fe) single crystal with composition Al 79.1 Cr 17.8 Fe 3.1 (at.%) was grown at the Department of Earth and Environmental Sciences, Ludwig Maximilians University of Munich, using the Czochralski method under argon atmosphere . Its structure, its composition and the presence of defects were subsequently characterized, respectively, by XRD, electron probe microanalysis (EPMA) and X-ray topography.
The availability of single crystals allowed us to prepare three TEM samples cut along the three major zone axes, namely [010] , [001] and [100] .
Lamellae suitable for high-resolution HAADF STEM investigations were obtained by metallographic sample preparation and subsequent ion milling.
HAADF STEM experiments and simulations
The STEM investigations were carried out using a JEOL JEM2200fs microscope with a spherical aberration of 1.0 mm. The convergence semi-angle of the electron probe was set to 10.8 mrad, which, for a defocus of about À50 nm and a finite effective source size, provides a spatial resolution of about 0.2 nm. HAADF STEM images were recorded with an inner detection angle of 100 mrad and with a low beam current and a fast acquisition time to minimize potential radiation damage. To improve the image contrast and to reduce the experimental noise, averaged structural unit-cell information was derived by template matching and averaging using the MacTempas software (Bodnarchuk et al., 2013; Rossell et al., 2009) . Standard deviation maps of the averaged structure provided information about the reliability of this procedure and on the proper choice of the repeat unit.
Preliminary STEM simulations were performed using an ad hoc developed computational procedure (see x3 for further details).
Multislice STEM simulations were carried out using the xHREM software (version 3.6; HREM Research, Higashimastuyama, Japan). The HAADF collection angle was set to 100-210 mrad. The electron probe was defined by a 10.8 mrad convergence angle together with a third-order spherical aberration and a defocus of 1 mm and À50 nm, respectively. A Gaussian blurring, reflecting the spatial incoherence of the beam, of 0.2 nm (full width at 1/e) was applied to match the experimental resolution (Dwyer et al., 2008) . Images were calculated with a step size of 0.08 nm. The HAADF STEM images were calculated for a large range of thicknesses up to 75 nm, showing no substantial differences of the features of interest. The simulated images in x3 are calculated for 50 nm for the [100] and the [010] zone-axis orientation and for 48.8 nm for [001] , corresponding to 40, 20 and 16 unit cells. The thickness of the calculated model crystals was chosen according to experimentally measured thickness values using the log-ratio technique (Malis et al., 1988) . Thickness values of around 50 nm turned out to be useful, particularly for assessing the variation of the stacking disorder within the sample and to be able to identify it as such. In our analysis, we suggest that the cross pattern originates from an A* tile, which is shifted with research papers respect to the A tile by b/4 along the [010] direction. Similarly, B* tiles can be defined. In general, the lamella-type domains consist of B/B* or A/A* mixtures of variable ratio, i.e. because of the finite thickness of the TEM sample there is a continuous range of lamellae where the pure 'zigzag' and the ideal 'cross' patterns represent the extremes (see Fig. 1a ). The presence and nonperiodicity of the lamellar structure is particularly evident in the incoherently formed bright-field STEM image of Fig. 1(c) where the nonperiodic modulations are visible over a long range. This is in agreement with the findings of Bauer et al. (2013) .
Results and discussion
We now focus our attention on the widest domain characterized by the 'zigzag' pattern, by relating the STEM image to the available models based on diffraction studies. Fig. 1(b) shows a superposition of the TM sites retrieved by the B1 and D models on the experimental STEM image. Aluminium atoms are not considered in the analysis because their low atomic number implies a small contribution in the HAADF STEM image with respect to the TM atoms, and thus we assume that they provide a nearly constant background contribution. As can be seen in Fig. 1(b) , all the intensity maxima in the STEM image correspond to TM sites for both the B1 and the D model. However, some of the positions that are considered symmetrically equivalent in the B1 and D models based on Immm symmetry are associated with zones displaying non-equivalent brightness in the STEM image. This is the case, for instance, for Cr10 sites, which, if equivalent, would give rise to a cross-shaped pattern, while a precise modulation of their occupancy leads in our case to the observed 'zigzag' feature.
The HAADF STEM observations explain, in real space, the hypothesis of Bauer et al. (2013) that the unit cell is actually twice as large in the b direction compared with the first model proposed by Deng having Immm symmetry. Moreover, the modulation of the Cr10 site occupancy leads to the violation of the centrosymmetrical Immm space group.
An additional issue is the Fe24 position, which is predicted in the model of Bauer et al. (2013) but which is absent in the model of Deng. In the regions characterized by the presence of the 'zigzag' pattern, this position is confirmed by the HAADF STEM data. However, we find a modulation of the intensity maxima for the different Fe24 sites as well, which according to the B1 model should be equivalent. Hence, this observation reveals a systematic variation in the occupancy of Fe24 sites, which leads to the globally observed pattern. Similarly to what was found for Cr10, this modulation breaks the Immm symmetry. In their XRD refinement, Bauer et al. (2013) Starting from the available crystal models, D and B1, we performed a refinement of the structure and of the occupancies of the TM sites, with the goal of reproducing by simulations the experimental STEM images of the 'double zigzag' domains. The occupancy of the TM sites was fitted according to an incoherent imaging model, where the HAADF STEM image intensity I(x, y) at position (x, y) is Iðx; yÞ / ðP Ã Þðx; yÞ;
with a real object function (x, y) = P i i Z i 2 (x À x i , y À y i ), i and Z i being the atom occupancy and the atomic number associated with the ith position, respectively. is the Dirac delta distribution, while P(x, y) describes the intensity profile of the electron probe, which is approximated by a Gaussian. The exponent in Z i 2 arises from our assumption of pure Rutherford scattering, and * refers to the convolution operation. For incoherent imaging, both the object function (x, y) and the probe function P(x, y) are real functions. A Gaussian probe function P(x, y) with standard deviation 0.2 nm was used. Moreover, i were only allowed to vary in the parameter space {0, 0.25, 0. structure with some atoms having identical or nearly identical positions when projected onto given planes. In particular, this occurs for all low-index planes of the crystal, and therefore the analysis of one single STEM image is not sufficient to decouple the contribution provided by atoms arranged perpendicularly to the plane of imaging. For this reason, in this work, two of the three HAADF STEM images recorded along the major orthogonal zone axes were used for the structural refinement, namely the [100] and the [010] axes.
[001] was used afterwards to validate the goodness of the fit by comparing the simulated [001] image with the experimental one.
Since the HAADF STEM image intensity is dominated by the contribution of the TM atoms, Al atoms have only been considered as a source of background, and their occupancies have not been re-fitted. The positions of Al atoms have been taken from the B1 model (Immm) and replicated in the b direction in order to obtain the correct unit-cell size. Lattice parameters were also taken from Bauer (2010). We did not introduce new TM sites since all the peaks in the STEM image are found to be originated by TM positions of the B1 and D models (the chemical identity of the Cr and Fe atoms has been adopted from the B1 model as well) (Bauer, 2010) . Nevertheless, both the Cr10 and the Fe24 sites were split and renamed as Cr10a, Cr10b, Fe24a, Fe24b, in order to allow for a modulation of the site occupancies compatible with the observed intensity pattern in the [100] projection. The crystal orbit for the new TM subsystem only, induced by the splitting of the Fe24 and Cr10 positions, was retrieved by using the Materials Studio suite (version 6.1; Accelrys Inc., San Diego, CA, USA) and was found to be Pmnb (with Pmnb used as the nonstandard setting of Pnma, No. 62). As shown in Table 1 , other positions that were equivalent in the B1 model become inequivalent in the refined STEM model, and the number of atoms in the asymmetric unit of the system increases from 13 (B1 model) to 30.
The optimization strategy for the occupancies of the TM positions is explained in what follows. As a first step, one unit cell of the Pmnb crystal model is superimposed on the experimental [100] (see Fig. 1a (x m , y m ) represents the position of the ith TM atom projected onto the image plane ([010] or [100]), while I exp and I sim correspond, respectively, to the normalized experimental and simulated intensity. I sim is determined directly using equation (1), while I exp corresponds to the normalized image contrast determined as reported in x2.2. The fitting procedure is repeated independently for each TM site, in order to obtain a set of optimized { i }. Iteratively, starting from the { i } obtained, the fitting procedure is repeated to get a new set { i 0 }, until { i } = { i 0 }. The iterative procedure used ensures that the final set of { i } corresponds to a minimum, in the parameter space, of the overall intensity deviation, defined as
As expected, the Cr10 and Fe24 sites display an intensity modulation, which can be quantified by the different occupancy parameters for Cr10a, Cr10c, Fe24a (0.25) and Cr10b, Cr10d, Fe24b (0.75) . Because of the finite size of the electron probe, the occupancy of these sites influences the intensity at other neighboring positions. This can be appreciated by inspection of the Fe5 positions, which, although characterized by identical occupancies, are associated with a slightly different intensity, according to their proximity to highly (or lowly) occupied Cr10 sites.
The samples investigated in the studies of Deng and Bauer and in this manuscript belong to the same orthorhombic phase. The experimental composition of Deng's samples retrieved by EPMA is Al 80.6 Cr 10.7 Fe 8.7 (at.%) (EPMA), while the one used for our characterization and Bauer's is Al 79.1 Cr 17.8 Fe 3.1 (at.%) (EPMA). It has to be noted that the TM contents in the two considered samples (Deng and Bauer/ Gaspari) are, respectively, 19.4 and 20.9 at.%, and are thus not dramatically dissimilar, whereas the Cr/Fe ratio changes substantially. Despite the fact that the Cr/Fe ratio is substantially different in the two samples (Deng and Bauer/Gaspari), they are isostructural and belong to the orthorhombic phase.
Because of the proximity of the atomic numbers of Cr and Fe, X-ray diffraction and STEM imaging cannot discriminate Cr and Fe sites, and thus the occupation of the TM sites by Fe research papers Table 1 Transition metal positions and their occupancy factors refined according to the HAADF STEM characterization. After the STEM refinement, a different computed composition is obtained, i.e. Al 79.9 Cr 10.6 Fe 9.5 (at.%). The computed TM concentration (20.1 at%) is in good agreement with the experimental one (20.9 at.%), while there is a discrepancy with the Cr/Fe ratio. The good agreement between the simulated and experimental STEM images reported in our manuscript indicates that the position of the TM is correct but that the occupation of the TM sites by Fe and Cr should be reconsidered in future neutron diffraction refinements, in order to improve the agreement between the computed and experimental Cr/Fe ratio.
A proposition for the new crystal space group can be made by building a new unit cell that comprises the TM atomic positions retrieved above with the crystal orbit Pmnb and the Al atomic positions given by the Immm model (B1). The Materials Studio suite was used to retrieve the space group for the new unit cell, which was found to be Pmnb as well (tolerance of 0.12 Å ), as expected from combining the TM (Pmnb) with the Al atomic positions (Immm). This finding is not in agreement with the results of the B2 model reported by Bauer et al. (2013) , and this difference is explained by the fact that HAADF STEM allowed us to unequivocally resolve the TM atomic position and occupancy through real-space crystallography, thus reducing the complex data refinement into two simpler steps. The new space group is in agreement with a possible symmetry reduction from the original Immm (No. 71) space group, according to the reasoning reported below.
By a symmetry reduction from the Immm (No. 71) space group, the Pmnm (No. 59, standard Pmmn) space group is obtained. Doubling the lattice parameters may lead to the Pmnb (No. 62, standard Pnma) space group if b is doubled or to the Pmm2 (No. 25) space group when a or b or c are doubled. This is the operation done during the first step of the refinement, when the positions of the TM were retrieved.
A complete XRD refinement is, however, necessary to fully reconcile our findings with the previous crystal models and provide the final atomic positions and occupancies of the Al atoms.
Using this new unit cell, we performed multislice STEM simulations. The results are shown in Fig. 2 (Fig. 2c ). This clearly shows that, despite the uncertainty of the Al positions, the refinement of the TM positions substantially improved the existing structure model of o-Al 4 (Cr,Fe). 3.1 (at.%) along the three major zone axes by comparing experiments and simulations using an ad hoc routine. This allowed us to perform a real-space crystallographic study with the unequivocal determination of the positions and occupancy values of the transition metal atoms. Using this information, a new unit cell was built considering the retrieved TM atomic positions and occupancies and the Al set already available from diffraction experiments. By the analysis of the symmetries within the new unit cell, a new space group was thus proposed for the o-Al 4 (Cr,Fe) phase. The new space group is not in agreement with the previous models retrieved by X-ray and neutron diffraction and thus can be considered an improved model for this phase.
Our results showed that performing real-space crystallography using HAADF STEM and being sensitive only to the TM position allowed the complexity of the structural analysis to be reduced.
Our findings serve as a basis for future bulk investigations, which address the full crystal structure, including the positions and occupancies of the Al atoms. In addition to that, our realspace characterization allowed us to confirm that the crystal is constituted by lamellar domains, which are related to a stacking disorder that occurs nonperiodically along the [001] and the [100] directions.
